Bromelain inhibitor (BI) is a cysteine proteinase inhibitor isolated from pineapple stem (Reddy, M. N., Keim, P. S., Heinrikson, R. L., and Ké zdy, F. J. (1975) J. Biol. Chem. 250, 1741-1750). It consists of eight isoinhibitors, and each isoinhibitor has a two-chain structure. In this study, the genomic DNA has been cloned and found to encode a precursor protein with 246 amino acids (M r ‫؍‬ ϳ27,500) containing three isoinhibitor domains (BI-III, -VI, and -VII) that are 93% identical to one another in amino acid sequences. The gene structure indicated that these isoinhibitors are produced by removal of the N-terminal pre-peptide (19 residues), 3 interchain peptides (each 5 residues), 2 interdomain peptides (each 19 residues), and the C-terminal pro-peptide (18 residues). Moreover, all the amino acid sequences of bromelain isoinhibitors could be explained by removal of one or two amino acids from BI-III, -VI, and -VII with exopeptidases. A recombinant single-chain BI-VI with and without the interchain peptide showed the same and no bromelain inhibitory activity as compared with the native BI-VI, respectively. These results indicate that the interchain peptide plays an important role of the folding process of the mature isoinhibitors.
Most cysteine proteinase inhibitors obtained from plants so far have been identified as cystatins including inhibitors from rice, corn, soybean, and tomato (1) . Their properties have been extensively studied, including their nucleotide and amino acid sequences and three-dimensional structures. Reddy et al. (2) have isolated a novel and microheterogeneous inhibitor toward bromelain (BI) 1 from pineapple (Ananas comosus) stem (2) . Each isoform of BI consists of a light chain (10 or 11 residues) and a heavy chain (40 or 41 residues) that are cross-linked with disulfide bonds (2) (3) (4) . The three-dimensional solution structure of the sixth isoinhibitor (BI-VI N ) has two distinct domains named A and B domains, each of which is formed by a threestranded antiparallel ␤-sheet (5, 6) . The B domain consists of the light chain and part of the heavy chain (Glu 1H -Asp 9H and Leu 31H -Lys 41H ) 2 and was indicated to involve the major bromelain inhibitory site, possessing a more flexible structure that seems to allow the inhibitor to fit well into the catalytic site region of a target proteinase (4, 6) . On the other hand, the structure of the A domain (Thr 10H -Ile 29H ) was well converged and, thus, thought to contribute greatly to the conformational stability of the B domain (6) .
BI has no similarity to the cystatin superfamily inhibitors in the primary structure (1) and has no Gln-X-Val-X-Gly sequence that is essential for activity against papain and other cysteine proteinases (7) . For example, the structure of BI-VI N shows no homology with that of rice cystatin that consists of an ␣-helix and a five-stranded antiparallel ␤-sheet (8) . Interestingly, BI-VI N shared the same folding and disulfide bond connectivities with Bowman-Birk serine proteinase inhibitor (BBI) from soybean (6), a 71-residue inhibitor that has two independent inhibitory sites toward the serine proteinases trypsin and chymotrypsin (9) . Indeed, BI-VI N shows a relatively weak inhibitory activity against these serine proteinases (6). The structural similarity of BI-VI N to BBI indicates that BI and BBI have evolved from a common ancestor and differentiated in function during the course of molecular evolution.
In the present study, we isolated the genomic DNA encoding a precursor protein of BI (BI P ) from pineapple leaf and sequenced it to elucidate the molecular evolution and functional expression of the two-chain inhibitor BI. The deduced amino acid sequence indicated that three 6-kDa BI isoforms are produced from the 27.5-kDa BI P by proteolytic processing. To clarify the function of a 5-residue peptide that is revealed to exist between the light and heavy chains of BI P , we expressed and characterized two types of recombinant single-chain BI-VI with and without the peptide, BI-VI R and BI-VI r , respectively. Furthermore, we proposed a model mechanism of the putative processing from BI P to the mature isoinhibitors (Fig. 8 ).
EXPERIMENTAL PROCEDURES
Materials-Pineapple was purchased from a local market. The oligonucleotides were obtained from ESPEC Oligo Service (Tsukuba, Japan), and restriction enzymes were obtained from Takara (Kyoto, Japan). All other reagents used were of the highest grade commercially available.
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‡ ‡ To whom correspondence should be addressed. essentially as described previously (10, 11) . The leaf was immersed in a solution containing 1 N NaOH and 0.5 N Na 2 CO 3 for 15 min to remove the silicon-containing cuticle, rinsed with water, and dried on paper. Five grams of the leaf were cut into small pieces and ground with liquid nitrogen. The resulting fine powder was gently resuspended in 40 ml of a proteinase buffer containing 100 mM Tris-Cl (pH 8.5), 100 mM NaCl, 50 mM EDTA, 1.5% (w/v) SDS, 200 g/ml proteinase K, and 1% (w/v) polyvinylpyrrolidone. The mixture was incubated with gentle agitation at 37°C for 2 h. Eight milliliters of 5 M potassium acetate (pH 4.8) was added to this mixture. The mixture was then incubated on ice for 30 min and centrifuged at 40,000 ϫ g at 4°C for 30 min. The supernatant was filtered through a 0.45-m syringe filter. After adding 0.7 volume of isopropanol, the precipitate was collected by centrifugation at 10,000 ϫ g for 20 min, washed in ice-cold ethanol, and dried at room temperature. The DNA obtained was then resuspended in 10 mM Tris-Cl (pH 7.5) containing 1 mM EDTA and incubated at 37°C for 1 h after the addition of ribonuclease A. The DNA was purified using a Qiagen tip-100 column (Qiagen, Chatsworth, CA).
Construction of the BI Probes-Two degenerate primers were designed to amplify a BI-specific probe by PCR: primer BIP1, 5Ј-GA(A/ G)GA(A/G)TA(C/T)AA(A/G)TG(C/T)TA(C/T)TG-3Ј, and primer BIP2, 5Ј-CA(A/G/T)AT(A/G)TA(C/T)TTICC(A/G)AA(C/T)TC-3Ј. Primers BIP1 and BIP2 correspond to the sense sequence of Glu 1H -Glu-Tyr-Lys-CysTyr-Cys 7H and the antisense sequence of Glu
24H
-Phe-Gly-Lys-Tyr-IleCys 30H of BI-VI N , respectively (5). PCR was carried out using a GeneAmp PCR System 2400 (PerkinElmer Life Sciences) in a reaction mixture containing 300 ng of the genomic DNA and 100 M of each primer with 35 cycles consisting of denaturation at 94°C for 1 min, annealing of the primers at 40°C for 1 min, and extension at 72°C for 2 min. The amplified DNA was subcloned into the pCRII using the TA cloning kit (Invitrogen), and sequenced by the dideoxy method (12) using a Thermo Sequenase fluorescent-labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham Biosciences) and a Shimadzu DSQ-1000 DNA sequencer (Kyoto, Japan) to confirm the coding of the partial sequence of BI. This DNA was labeled with fluorescein-12-dUTP by random hexamer primers using the Renaissance random primer fluorescein labeling kit (PerkinElmer Life Sciences) and used as a BIspecific probe in both Southern blot analysis and plaque hybridization.
Southern Blot Analysis-The genomic DNA (1.5 g) was digested with EcoRI, XbaI, and SphI. The digests were separated by electrophoresis on a 0.9% agarose gel, denatured, and finally fixed to a nylon membrane BiodyneA (Pall Bio Support, East Hills, NY) according to the method of Southern (13) . The blot was hybridized with the fluoresceinlabeled probe at 55°C and subsequently detected by the specific antibody-mediated chemiluminescence reaction using nucleic acid chemiluminescence reagent according to the manufacturer (PerkinElmer Life Sciences).
Isolation of the Genomic DNA Clones Encoding BI-A pineapple genomic library was constructed using EcoRI-digested 5-10-kbp DNA and a ZAPII phage vector (Stratagene, La Jolla, CA). The resulting vector was packaged into bacteriophage particles with Gigapack Gold packaging extract and grown on Escherichia coli (E. coli) XL-1 Blue MRFЈ cells (Stratagene). The library was plated in 10 Petri dishes (a total of 1.2 ϫ 10 5 recombinant clones), transferred to BiodyneA, and finally, hybridized at 65°C with the BI-specific probe. After three rounds of screening, the genomic DNA inserts of the positive clones were subcloned by in vivo excision into pBluescriptII SK Ϫ (Stratagene). The double-stranded DNA in the phagemid was restriction-mapped and sequenced as described above.
Construction of Expression Vector of the Recombinant BI-VI Proteins-
The DNA sequence encoding BI-VI R was amplified from the pineapple genomic DNA by PCR using two oligonucleotides as primers, the forward primer BIR1, 5Ј-CGA TCC ATG GCT ACC GCT TGC TCC GAA TGC GTT TGT CCG CTG CGA-3Ј, designed to contain an NcoI site and additional Met and Ala codons, and the reverse primer BIR2, 5Ј-GCC AAG CTT TCA TCA TTT TAC GCA ATC GTT GG-3Ј, designed to contain an additional stop codon and a HindIII site. The PCR prod- ucts were digested with NcoI and HindIII and were ligated into an expression vector of pET32a without any thioredoxin-coding gene and Factor-Xa site. The resulting plasmid (pET32Ј-BI-VI R ) encodes the His tag, enterokinase recognition site, and BI-VI R gene in this order. The expression vector for BI-VI r (pET32Ј-BI-VI r ) was constructed from a pET32Ј-BI-VI R plasmid using the QuikChange mutagenesis kit (Stratagene). The oligonucleotide primers were used to delete the interchain peptide sequence coding region as follows: primer BIr1, 5Ј-GAA TGC GTG TGT CCG CTG CGA GAA GAG TAC AAA TGC TAC TGC-3Ј and primer BIr2, 5Ј-GCA GTA GCA TTT GTA CTC TTC TCG CAG CGG ACA CAC GCA TTC-3Ј. The DNA sequences were confirmed as described above.
Expression of the Recombinant BI-VI Proteins-E. coli BL21 (DE3) cells were transformed with the pET32Ј-BI-VI R or pET32Ј-BI-VI r (14) . The cells were grown in a 10 ml of LB medium containing 100 mg/liter ampicillin at 37°C. The production of BI-VI R or BI-VI r was induced at an absorbance at 600 nm of 0.6 by the addition of isopropyl-␤-D-thiogalactopyranoside at a final concentration of 1 mM. After induction at 26.5°C for 16 h, cells were harvested by centrifugation, washed once with 0.5% (w/v) NaCl, and stored at Ϫ80°C.
Purification of the Recombinant BI-VI Proteins-The frozen cells were resuspended in a binding buffer (50 mM sodium phosphate buffer at pH 8.0, 300 mM NaCl, and 10 mM imidazole) containing 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride and lysed by ultrasonication. The soluble fraction was separated from the insoluble by centrifugation (40,000 ϫ g at 4°C for 30 min), and the supernatant was added to a nickel nitrilotriacetic acid-agarose column (Qiagen) equilibrated with the binding buffer. After washing with the buffer, the sample was eluted with an elution buffer (50 mM sodium phosphate buffer at pH 8.0, 300 mM NaCl, and 300 mM imidazole), dialyzed against a 20 mM Tris-Cl buffer (buffer A at pH 7.5), and applied to a Mono-Q 10/10 column (Amersham Biosciences) equilibrated with buffer A. The sample was eluted with a linear gradient of 0 -0.4 M NaCl in buffer A and pooled and concentrated by ultrafiltration using Centriprep-3 (Millipore, Bedford, MA). The His-tag region was removed using the Enterokinase Max according to the manufacturer (Invitrogen). The resulting sample was applied to a RESOURCE RPC column (Amersham Biosciences) and equilibrated with 0.1% (v/v) trifluoroacetic acid containing 1% (v/v) acetonitrile using an Ä KTAexplorer 10S (Amersham Biosciences). Elution was achieved with a linear gradient of 1-50% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid. The purity and identification of the sample were checked by Tricine SDS-PAGE (15) without dithiothreitol and MALDI-TOF MS using a Voyager DE-STR (Applied Biosystems, Foster City, CA).
Circular Dichroism (CD) Measurement-CD spectra were obtained at room temperature with a Jasco J-700 spectropolarimeter (Tokyo).
The samples were dissolved into a concentration of 30 M in 10 mM sodium acetate buffer containing 100 mM NaCl and adjusted to pH 4.6. The path length of the quartz cell was 0.1 cm. Eight scans were accumulated at a speed of 50 nm/min with 0.2-nm increments. The spectra thus obtained were submitted to a noise reduction procedure and expressed in terms of mean residue ellipticity [] in degree⅐cm 2 ⅐dmol Ϫ1 . The protein concentration of BI-VI was estimated from the absorbance at 280 nm using an extinction coefficient of 5,720 M Ϫ1 cm Ϫ1 .
Assay of the Inhibitory Activity against Bromelain-The inhibitory activities of BI-VI
R , BI-VI r , and BI-VI N were measured as described previously (16) 
RESULTS

Isolation of the Genomic Clone Encoding BI-
The PCR fragment, amplified from pineapple genomic DNA using two degenerate primers, contained the sequences of the light and heavy chains of BI. Genomic DNA from pineapple leaf was probed with this PCR fragment. In each restriction enzyme digestion, the probe hybridized to one high molecular weight fragment (Fig. 1) . The Southern analysis suggested that the EcoRI fragment of the genomic DNA contained the full-length of the coding region of BI P . Therefore, the genomic mini-library was constructed from 5 to 10 kbp of EcoRI fragments using ZAPII. Three positive phage clones were obtained after screening of 1.2 ϫ 10 5 plaques using the PCR fragment as a probe, subcloned into pBluescriptII SK Ϫ , and named pBI-1, -2, and -3. These clones showed the same cleavage profiles upon restriction map analysis. The restriction map and sequencing strategy of the pBI-1 are shown in Fig. 2 . 
Nucleotide and Deduced Amino Acid Sequence of the BI P
Genomic DNA-The nucleotide sequence for an SphI-PstI digest of the pBI-1 contained the full length of the structural gene of BI P as well as untranslated 5Ј-upstream and 3Ј-downstream regions (Fig. 3) . Although the beginning of the open reading frame (ORF) contained two putative initiation codons, software analyses using the program ORF Finder (National Center for Biotechnology Information) and Gene Scan (18) suggested that the first ATG (position 1-3) was a real initiator. Assuming this codon to be the initiator, the ORF was 738 bp long and encoded a protein of 246 amino acids with a predicted molecular mass of 27.5 kDa. The potential TATA box and polyadenylation signals were found at positions Ϫ97 to Ϫ90 and 839 to 844 from the beginning of the ORF, respectively. Three putative CCAAT boxes, 2 of which lie on palindrome structures (Fig. 3) , were also found at positions Ϫ189 to Ϫ186, Ϫ120 to Ϫ117, and Ϫ113 to Ϫ110. The T at position Ϫ67 was suggested as the initiation point of the transcription by the program Promoter Prediction (19) . The TATA box was, thus, located at 23 bp upstream from the transcriptional start, which is within the normal distance (from Ϫ25 to Ϫ30 bp). Fig. 3 . The predicted sequences of these isoinhibitors showed complete agreement with those determined by conventional protein sequencing (4).
As a result, BI P had four kinds of extra peptide sequences that are not contained in the mature BI (Fig. 3) (Fig. 4A) were expressed in the soluble fraction of the cell lysate and purified by three chromatography applications to give a single band on Tricine SDS-PAGE (Fig. 4B) . Furthermore, the purity of the sample was estimated to be more than 95% by MALDI-TOF MS (data not shown). It was also confirmed by the MS analysis that BI-VI R contained an additional peptide, Ala-Met-Ala, derived from the cloning vector and the interchain peptide, and BI-VI r contained the Ala-Met-Ala peptide. The overall yields of BI-VI R and BI-VI r were ϳ6 and 3 mg/l of bacterial culture, respectively. CD Measurement-As shown in Fig. 5 , the obtained CD spectra were analyzed with the program CONTIN (21) to estimate the relative amount of each secondary structure element. The results indicated that BI-VI R and BI-VI r are rich in ␤-sheets (about 40%) and have almost the same secondary structure as that of BI-VI N (Table I ). All the CD spectra exhibited a minimum near 200 nm and a maximum near 230 nm (Fig. 5) . Interestingly, the spectra of BI-VI r showed a slight decrease in the ellipticity near 230 nm in comparison with those of the other proteins.
Kinetic Properties of the Recombinant and Native Inhibitors-The Dixon-plot experiments of BI-VI
R and BI-VI N indicated that they competitively inhibited the bromelain-catalyzed hydrolysis of CLN (Fig. 6) . The obtained K i values toward bromelain were 314 Ϯ 12 nM for BI-VI R and 273 Ϯ 3 nM for BI-VI N (Table II) . This indicates that the inhibitory activity of BI-VI is not changed so much by scission and removal of the interchain peptide. However, BI-VI r without the interchain peptide showed no inhibitory activity toward bromelain. (Fig. 7) . BI-VI R showed inhibitory activity less than BI-VI N at any pH value examined. For instance, BI-VI N still retained about 70% inhibitory activity over the range of pH 3-5. whereas, BI-VI R had only about 30% inhibitory activity at pH 3.0.
DISCUSSION
In this study, we isolated the structural gene of the BI precursor protein (BI P ) from pineapple leaf. BI P was revealed to be a 27.5-kDa protein including the N-terminal pre-peptide, three isoinhibitors (BI-VII, -III, and -VI), three interchain peptides, two interdomain peptides, and the C-terminal pro-peptide (Fig. 3) . In the other proteinase inhibitors composed of multiple inhibitor domains, the interdomain peptides are susceptible to cleavage by proteinases such as trypsin, chymotrypsin, and subtilisin (22, 23) . Therefore, the interchain and interdomain peptides of BI P may be also sensitive to such proteinases in pineapple stem, and the mature isoinhibitors may be produced by posttranslational proteolysis (Fig. 8) . The interchain peptides might be cleaved and removed by endopeptidases, probably the target proteinase bromelain, at the Gln- Fig. 3 ), respectively. On the other hand, the pineapple genome contains only a single copy of the BI P gene (Fig. 1) , although the eight isoinhibitors have been isolated from pineapple stem so far (4). Therefore, BI-III, -VI, and -VII must be modified by exopeptidases to become the other isoinhibitors. For example, BI-I and BI-II would be produced by removal of the N-terminal residues Thr 1L and Glu 1H of the two chains in BI-III. BI-VIII would be produced by removal of the C-terminal residue Gln 11L in BI-VII (Fig. 8) .
We expressed the recombinant single-chain inhibitor with the interchain peptide (BI-VI R ; Fig. 4A ), and BI-VI R was revealed to have almost the same inhibitory activity as the twochain native inhibitor (Table II) . Another recombinant singlechain protein without the peptide (BI-VI r ; Fig. 4A ) was also expressed in E. coli; however, BI-VI r had no inhibitory activity toward bromelain (Table II) . These results indicate that the interchain peptide plays an important role of the folding process of the mature isoinhibitors. Furthermore, we also constructed two additional recombinant BI-VI proteins with the pro-peptide (Thr 172 -Glu 246 ; Fig. 3 ) and with both the interdomain peptide and pro-peptide (Pro 153 -Glu 246 ; Fig. 3 ) by the above-mentioned method. However, these proteins were expressed as inclusion bodies, 3 indicating that the interdomain peptide and pro-peptide would prevent the proper folding of BI-VI R , unlike the case of the interchain peptide. Interestingly, there are many conserved residues among the pre-peptide, two interdomain peptides, and pro-peptide (Fig. 9) . In a homology search using the databases BLAST and FASTA, no protein was found to show a high similarity (the Expect value (E) Ͻ 10) with these peptides.
The CD spectra of the recombinant and native BI-VI proteins indicated that they are rich in ␤ structures and poor in ␣-helix, as shown in Table I . Interestingly, BI-VI r showed a slight lower ellipticity at about 230 nm than those of BI-VI R and BI-VI N (Fig. 5 ). Because these proteins contain no tryptophan residues and a phenylalanine residue exhibits negligibly low CD activity at 230 nm (24, 25) , the positive peak at 230 nm would mainly contribute to the transitions of the disulfide bonds and/or tyrosine residues (25, 26) . Especially, the wavelengths of the disulfide CD bands depend on the dihedral angle of disulfide bond (26) . For example, the transition shifts of the disulfide-CD band are observed in the region of 200 -350 nm (27) . Therefore, the partial disulfide bond(s) of BI-VI r , probably near the reactive site of the B domain, would not be formed properly like those of BI-VI N so that the reactive site with localized conformational change could not fit well into the catalytic site cleft of bromelain.
The optimal inhibitory pH values of BI-VI R and BI-VI N were 4.5 and 4.0, respectively, consistent with the prediction that the destination of the BI P transportation was suggested to be acidic vacuoles by the program PSORT (28) . Interestingly, BI- R showed a weaker inhibitory activity than BI-VI N at any pH point examined (Fig. 5) . This indicates that the enzyme would prefer the flexible two-chain structure to the stable loop at the inhibitory site. Generally, proteinase inhibitors have an inhibitory loop region, a so-called "lock-and-key" motif (29) . Therefore, it is very interesting to clarify why BI does not have such a loop for the proteinase inhibition. The C-terminal residue Arg 11L or Gln 11L of the B domain is assumed to be the major bromelain inhibitory site of BI-VI N (4). The above-mentioned processing of the interchain peptide yields two additional charges, with negative and positive around the inhibitory site. Probably the ␣-carboxyl group of the light chain, which is located near the inhibitory site, might be mainly involved in the bromelain inhibitory mechanism. Therefore, the protonation/deprotonation of this group may play an important role on the inhibition. In addition, this C-terminal region of the light chain could fit well into the active site cleft of the cysteine proteinase papain by computer modeling (4) . Therefore, the significance of the two-chain structure may be the existence of such a free C-terminal ␣-carboxyl group that might be well accommodated in the active site cleft of the target proteinase and interact with a certain group(s) in the enzyme.
BI-VI had a remarkable homology with BBI from soybean in their amino acid sequences, especially with respect to their disulfide-bond arrangements (6) . The folding pattern of BI-VI also closely resembled that of BBI from soybean (30); both proteins have two distinct domains, and each domain is composed of a three-stranded ␤-sheet. Therefore, BI and BBI are thought to have evolved from a common ancestor and differentiated in function during the course of molecular evolution. However, the nucleotide sequence of BI P was not significantly similar to those of BBI genes (31, 32) (data not shown). Moreover, three BI isoforms are encoded on a single-copy gene (Fig.  1) , whereas the BBI precursor proteins are encoded at different gene loci in soybean and rice (31, 32) . Therefore, BI and BBI would have shared individual ancestors long ago and come to a similar protein folding and a similar function during the course of molecular evolution. BI P contained three similar inhibitor domains that share about 95% nucleotide sequence identity to one another. Such a high degree of the conservation suggests that BI would have evolved by gene duplications from a single functional isoinhibitor and formed such a multidomain-precursor protein, as well as the other multidomain proteinase inhibitors (29) . In the multidomain proteinase inhibitors of plant, potato multicystatin, and serine proteinase inhibitor from Nicotiana alata (Na-PI) have been reported so far (33, 34) . Potato multicystatin is a cysteine proteinase inhibitor and works as the unprocessed protein of 85 kDa, and 1 molecule can inhibit 8 molecules of papain (35) . On the other hand, Na-PI is synthesized as a 42-kDa precursor protein containing 5 tandem-repeated domains, and the precursor protein is converted into the mature 6-kDa inhibitors by post-translational proteolysis of the interdomain sequences (34) . Therefore, it is very noteworthy that BI P is processed at the interchain sequences as well as the interdomain sequences and converted to such novel two-chain isoinhibitors. Thus we propose to call the new family of these isoinhibitors as "the bromeins" in cysteine proteinase inhibitors.
The advantage of producing multiple inhibitors from a precursor protein may lie in the ability not only to generate specificities against a broad spectrum of proteinase inhibition but also to promote the efficiency to sort vacuoles by utilizing a single targeting motif for every three inhibitors. In addition, the remarkable trimerization of BI must involve unique mechanisms to achieve the correct folding and disulfide-bond formation (Fig. 8) . This is raising numerous questions about molecules involved in protein folding within the plant secretory pathway. However, the resulting large decrease in solventaccessible surface area may provide a driving force for the assembly of this novel and compact structure.
The physiological function of BI is thought to regulate the coexistent proteinase activity in the cell, although the detailed function is not clear. First, BI P would be folded properly on the endoplasmic-reticulum membrane, and the pre-peptide would be removed by signal peptidases, and then the resulting precursor protein would be transported to cell organelle, probably vacuoles. Under the acidic condition of vacuoles, BI blocks the activity of bromelain and/or other proteinases and protects other proteins from their proteolysis. If animals eat pineapple plant, the situation of pH will change dramatically from acidic in the vacuoles to neutral in the mouth of the attacker. Because the bromelain activity is optimal at neutral pH (pH 5-7) and BI cannot inhibit bromelain at that pH (Fig. 7) , bromelain destroys the tissue including proteins so that the animals could not eat it so much next time.
